We study the impact of recent measurements of charm cross section H1-ZEUS combined data on simultaneous determination of parton distribution functions (PDFs) and the strong coupling,
I. INTRODUCTION
When the mass of a quark is significantly larger than the quantum chromodynamics (QCD) scale parameter, Λ QCD ∼ 250 MeV, we categorize it as a heavy quark [1] . The production of heavy quarks in photoproduction (γp) and deep inelastic scattering (DIS) of e ± p was one of the main tasks at HERA. The only heavy quarks kinematically accessible at HERA were beauty and charm quarks, and investigation of the impact of charm quark cross section H1-ZEUS combined data [2] on simultaneous determination of parton distribution functions and the strong coupling, α s (M 2 Z ), is the main topic of this analysis. In deep inelastic e ± p scattering we can approximate the ratio of photon couplings corresponding to a heavy quark, Q h , h = b, c, by
where Q h = 
From Eq. 2 we see that up to 36 percent of the cross sections at HERA originate from processes with charm quarks in the final state. This is our main motivation to investigate the impact of only charm quarks on simultaneous determination of parton distribution functions or their uncertainties and the strong coupling, α s (M 2 Z ). The ratio f (c) ≃ 0.36 implies that charm quarks are an integral part of the quarkantiquark sea within the proton. On the other hand, the proton has no net charm flavour number, which in turn implies that the charm quarks within the proton can only arise in pairs of cc. Since the charm-quark mass is about 1.5 GeV , at the low-energy limit the cc pairs are considerably heavier than that to have a contribution within the proton.
Although consideration of so-called intrinsic charm (IC) [3] may alter this simple view of the heavy flavour content of the proton, at present there is no evidence for the existence of such a contribution from HERA data. Therefore, in this analysis the charm quarks within the proton are as usual considered as virtual quarks, which in turn arise as fluctuations of probing the gluon content of the proton.
The charm PDFs play an important role in hadronic collisions and cause photons to emerge from hard parton-parton interactions in association with one or more charm quark jets. Clearly, to study and analyse these processes, we need the charm PDFs, which in turn have sizeable uncertainties. A series of experimental measurements involving charm (or beauty) and photon final states have recently been published by the CDF and D0 Collaborations [4] [5] [6] [7] [8] [9] .
As we noted, the charm quark mass is about 1.5 GeV , whereas the QCD scale is about Λ QCD ∼ 0.25 GeV , so it is reasonable to treat the charm quark mass as a hard scale in perturbative quantum chromodynamics (pQCD) and investigate the charm mass effect in pQCD. Accordingly, in this study we use the full HERA run I and II combined data [10] as a new measurements of inclusive deep inelastic scattering cross sections for our base data set and then we investigate, simultaneously, the impact of charm quark cross section H1-ZEUS combined data [2] on the central value of the PDFs and determination of the strong coupling,
Although the charm quark mass is large compared to the QCD scale, it is small with respect to other pQCD scales, such as the transverse momentum of a quark or a jet, p T , and the virtuality of the photon, Q The outline of this paper is as follows. In Section 2, we describe the theoretical framework of our study and discuss the reduced cross sections. We introduce the data set which we use in this QCD-analysis and discuss our methodology in Section 3. In Section 4, the impact of charm quark cross section H1-ZEUS combined data on QCD fit quality is discussed. We explain the impact of charm production data on PDFs and α s (M 2 Z ) in Section 5. We present our results in Section 6 and conclude with a summary in Section 7.
II. CROSS SECTIONS AND PARTON DISTRIBUTIONS
In perturbative quantum chromodynamics, the deep inelastic scattering of e ± p, at the centre-of-mass energies up to √ s ≃ 320 GeV at HERA, plays a central role in probing the structure of the proton, as a sea of strongly interacting quarks and gluons. For neutral current (NC) interactions, the reduced cross sections can be expressed in terms of the gen-eralized structure functions as:
where Y ± = 1 ± (1 − y) 2 and α is the fine-structure constant which is defined at zero momentum transfer. The generalized structure functionsF 2 ,F L andF 3 can be expressed as linear combinations of the proton structure functions F 
where v e and a e are the vector and axial-vector weak couplings of the electron to the Z boson, and κ Z (Q 2 ) is defined as
This analysis is based on xFitter, an open source QCD framework [11] which is an update of the former HERAFitter package [12] . The values of the Z-boson mass and the electroweak mixing angle are M Z = 91.1876 GeV and sin 2 θ W = 0.23127, respectively, and electroweak effects have been treated only at leading order (LO).
In the range of low values of
Z , the Z boson exchange contribution may be ignored and then the reduced NC DIS cross sections can be expressed by
Similarly, the reduced charged current (CC) deep inelastic e ± p scattering cross sections may be expressed as follows:
L are another set of structure functions and G F is the Fermi constant, which is related to the weak coupling constant g and electromagnetic coupling constant e by:
The values of the Fermi constant and W -boson mass in the xFitter QCD framework [11] are: G F = 1.16638 × 10 −5 GeV −2 and M W = 80.385 GeV.
In the quark parton model (QPM), the sums and differences of quark and anti-quark distributions, depending on the charge of the lepton beam, can be represented by W ± 2 , xW ± 3 structure functions, respectively, and W ± L = 0 :
According to Eq. 9 we have:
Now it is possible to determine both the valence-quark distributions, xu v and xd v , and the combined sea-quark distributions, xU and xD, by combination of NC and CC measurements.
In analogy to the inclusive NC deep inelastic e ± p cross section, the reduced cross sections for charm-quark production, σ CC red , can be expressed by
where structure function contribution, the reduced charm-quark cross section, σ CC red , for both positron and electron beams, can be expressed by
Accordingly, at high y, the reduced charm-quark cross section, σ contribution [13] .
In the QPM, the structure functions depend only on the Q 2 variable and then they can be directly related to the PDFs. In QCD, however, and especially when heavy flavour production is included, the structure functions depend on both x and Q 2 variables, .
In Section III, based on our methodology, we extract the PDFs as functions of x and Q 2 variables, using full HERA run I and II combined data, with and without the charm cross section H1-ZEUS combined measurements data set included.
III. DATA SET AND METHODOLOGY
In this paper, we use two different data sets: the full HERA run I and II combined NC and CC DIS e ± p scattering cross sections [10] , and the charm production reduced cross section measurements data [2] . In our analysis, we choose the full HERA run I and II combined data as our base data set, and then we investigate the impact of charm production reduced cross section data on simultaneous determination of PDFs and the strong coupling, α s (M 2 Z ) in the Thorne-Roberts (RT) and Thorne-Roberts optimal (RTOPT) schemes. The kinematic ranges for these two data sets have been reported in Ref. [40] .
We use xFitter [11], version 1.2.2, as our QCD fit framework. Using the QCDNUM package [41] , version 17-01/12, we evolved the parton distribution functions and α s (M 2 Z ). In the evolution of PDFs and α s (M 2 Z ), we set our theory type based on the DGLAP collinear evolution equations [42] and make several fits at leading order and next-to-leading order in the RT and RTOPT schemes.
The RT scheme is a General Mass-Variable Flavour Number Scheme (GM-VFNS). Really, the RT scheme was designed to provide a smooth transition from the massive FFN scheme at low scales Q 2 ∼ m 2 h to the massless ZM-VFNS scheme at high scales Q 2 ≫ m 2 h . However, the connection is not unique. A GM-VFNS can be defined by demanding equivalence of the n f = n (FFNS) and n f = n + 1 flavour (ZM-VFNS) descriptions above the transition point for the new parton distributions. Of course they are by definition identical below this point, at all orders. The RT scheme has two different variants: RT standard and RT optimal, with a smoother transition across the heavy flavour threshold region. A review of the two different schemes has been given in Ref. [40] .
To investigate the impact of charm production reduced cross section data, we need to use the heavy flavour scheme in our analysis. Different theoretical groups use various heavy flavour schemes. For example, some theory groups such as CT10 [43] , ABKM09 [44] , and NNPDF2.1 [45, 46] used S-ACOT [47] , FFNS [48] and FONLL [49] , respectively and some other groups such as MSTW08 [50] and HERAPDF1.5/2.0 [20] used the RT (also referred to as TR) standard and optimal heavy flavour schemes [51, 52] to calculate the reduced charm cross sections in DIS. On the other hand, to include heavy flavour contributions, the perturbative QCD scales µ 2 f and µ 2 r play a central rule. Some groups such as CT10 [43] and ABKM09 [44] 
C respectively, where m C denotes the pole mass of the charm quark, whereas the NNPDF2.1 [45, 46] , HERAPDF1.5 [20] and MSTW08 [50] groups use µ f = µ r = Q in their heavy quark QCD approach.
To include the heavy-flavor contributions, we use both RT and RTOPT schemes, and choose µ f = µ r = Q as the perturbative quantum chromodynamics scale for the pole mass of the charm quark m c = 1.5 ± 0.15 GeV.
The last step in our QCD analysis is the minimization procedure. In this regard, we use the standard MINUIT minimization package [53] , as a powerful program for minimization, correlations and parameter errors.
In order to minimize the influence of higher twist contributions we use kinematic cuts.
In the various DIS analyses, different kinds of kinematic cuts should be applied. In this analysis we imposed a kinematic cut Q 2 =3. and x Bj = 0.65. The cuts on Q 2 not only significantly increase the number of data points available to constrain PDFs, but also allow access to a greater range of kinematics, which in turn lead to reduced PDF uncertainties, especially at higher values of x.
In this analysis, based on the HERAPDF approach [10] , we generically parameterized the PDFs of the proton, xf (x), at the initial scale of the QCD evolution
where in the infinite momentum frame, x is the fraction of the proton's momentum taken by the struck parton.
To determine the normalization constants A for the valence and gluon distributions, we use the QCD number and momentum sum rules. Using this functional form, Eq. 13 leads to the following independent combinations of parton distribution functions:
where xg(x) is the gluon distribution, xu v (x) and xd v (x) are the valence-quark distributions, and xŪ (x) and xD(x) are the u-type and d-type anti-quark distributions, which are identical to the sea-quark distributions. A review of HERAPDF functional form, including some more details, can be found in Ref. [40] .
IV. IMPACT OF CHARM PRODUCTION DATA ON THE QCD FIT QUALITY
We now investigate the impact of the charm cross section H1-ZEUS combined measurements on simultaneous determination of PDFs and α s (M 2 Z ). We also explain how adding these data improve the uncertainty of PDFs, reducing the error bars of some parton distributions, especially gluon distributions and some of their ratios, when the HERA run I and II combined inclusive DIS e ± p scattering cross sections data are chosen as a "BASE". To investigate the fit quality, we use the χ 2 definition as reported in Ref. [40] .
For HERA run I and II combined inclusive DIS e ± p scattering cross sections and the charm cross section H1-ZEUS combined measurements, the number of data points are 1307 and 42, respectively. Accordingly, the total number of data points for BASE and BASE plus charm, which we refer to sometimes as "TOTAL", are 1307 and 1349, respectively. In various configurations, the Q 2 ≥ 1.5 GeV 2 range was covered by the HERA run I and II combined data [10] . The MINUIT parameters are sensitive to the Q 2 min value, so to get a convergent fit result we set Q 2 min = 3.5 GeV 2 , as suggested in Ref [10] . Clearly, this cut on Q 2 omits all data with Q 2 less than Q 2 min = 3.5 GeV 2 and therefore, reduces the total number of data points from 1307 and 1349 to 1145 and 1192 for the BASE and TOTAL data sets, respectively. Now, based on Table I , we can present our QCD fit quality as follows:
for the RT scheme:
and for the RTOPT scheme:
where dof refers to the χ 2 per degrees of freedom and is defined as the number of data points minus the number of free parameters. As we can see from Eqs. (19) (20) (21) (22) , we obtain four different values of χ 2 TOTAL /dof, corresponding to four different fits, which in turn imply four different fit-qualities in some PDFs. Now, according to the relative change of χ 2 , which is defined by
and the numerical results of Eqs. (19) (20) (21) (22) , we see that in going from the RT scheme to the RT OPT scheme, we get ∼ 0.4 % and ∼ 0.9 % improvement in the fit quality, without and with the charm flavour contribution, respectively. Clearly these differences in fit quality imply a significant reduction of some PDF uncertainties, especially for gluon distributions, as we will explain in the next section.
Now, we present the impact of charm cross section H1-ZEUS combined measurements data on simultaneous determination of PDFs and α s (M 2 Z ) in the RT and RTOPT schemes and for two separate scenarios. In the first scenario we fix α s (M 2 Z ) to 0.117 and develop our QCD fit analysis based on only 14 unknown free parameters, according to Eqs. (14) (15) (16) (17) (18) combined measurements data on the PDFs. In the second scenario we consider the strong
as an extra free parameter and refit our analysis, but this time with 15 unknown free parameters. Based on the second scenario, not only do we obtain ∼ 0.4 % and ∼ 0.9 % improvement in the fit quality, without and with the charm flavour contribution, respectively, the same as the first scenario, but we also clearly find the impact of charm on the PDFs, especially on the gluon distribution. Some more details about the central role of the strong coupling in pQCD have been reported in Ref. [40] .
In Tables II and III, we According to the numerical results in Table III , when we add the charm cross section H1-ZEUS combined measurements data to the HERA run I and II combined data, the numerical value of α s (M 
VI. RESULTS
According to Table IV, in going from the RT scheme to the RTOPT scheme, we get ∼ 0.4 % and ∼ 0.9 % improvement in the fit quality, without and with the charm flavour contributions included, respectively. Also, according to Table V, in going from the RT scheme to the RTOPT scheme, we get ∼ 0.9 % and ∼ 2.0 % improvement in the α s (M and α s (M 2 Z ) for the RT and RTOPT schemes in the second scenario, where the strong coupling, α s (M 2 Z ), is taken as an extra free parameter. RTOPT TOTAL has the best fit quality and improvement in oupling, α s (M 2 Z ), as an impact of adding charm cross section H1-ZEUS combined measurements data to HERA I and II combined data.
In Fig. 1 , we illustrate the consistency of HERA measurements of the reduced deep inelastic e ± p scattering cross sections data [10] and charm production reduced cross section measurements data [2] with the theory predictions as a function of x and for different values of Q 2 . According to our QCD analysis, we have good agreement between the theoretical and experimental data. The uncertainties on the cross sections in Fig. 1 are obtained using
Hessian error propagation. The corresponding Table I .
The impact of charm cross section H1-ZEUS combined measurements data on HERA I
and II combined data for gluon distribution functions are shown in Figs. 2 and 3 , at the starting value of Q 2 0 = 1.9 GeV 2 and Q 2 = 3, 4 and 5 GeV 2 , in the RT and RTOPT schemes and for two separate scenarios. Clearly, in the first scenario, where the strong coupling
is fixed, we find no impact from adding charm H1-ZEUS combined data to the HERA I and II combined data. In the second scenario, however, where we consider the strong coupling α s (M The total sea quark Σ-PDFs are defined by Σ = 2x(ū +d +s +c). In Figs. 6 and 7 we plot the partial ratio of gluon distributions over the Σ-PDF to show the impact of adding charm cross section H1-ZEUS combined data to HERA I and II combined data, at Q 2 = 4, 5, 100 and 10000 GeV 2 in the RT and RTOPT schemes and for the two different scenarios.
Clearly, these impacts can be seen only in the second scenario. 
, is fixed and we find no impact of adding charm H1-ZEUS combined data to the HERA I and II combined data. The lower four diagrams correspond to the second scenario, where we consider the strong coupling, α s (M 2 Z ), as an extra free parameter, clearly revealing the impact of adding charm H1-ZEUS combined data to the HERA I and II combined data. The upper four diagrams correspond to the first scenario, while the lower four diagrams correspond to the second scenario and clearly show the impact of charm flavour data on the PDFs.
VII. SUMMARY
Up to 36 percent of the cross sections at HERA originate from processes with charm quarks in the final state. In this QCD analysis we investigated the simultaneous impact of charm quark cross section H1-ZEUS combined data on the PDFs and on the determination of the strong coupling.
We chose the full HERA run I and II DIS charged and neutral current data as a base data set and developed our QCD analysis at next-to-leading order in both RT and RTOPT schemes and for two separate scenarios using the HERAPDF parametrization form.
The sensitivity of PDF uncertainties to reduced charm quark cross section H1-ZEUS combined data at next-to-leading order, especially when in our second scenario we take the strong coupling, α s (M 2 Z ), as an extra free parameter, is reported in this QCD analysis. This analysis shows a dramatic reduction of some PDF uncertainties and good agreement of the strong coupling constant, α s (M 2 Z ), with the world average value, when the reduced charm quark cross section H1-ZEUS combined data are included.
As we mentioned, the strong coupling, α s (M 2 Z ), plays a central role in the pQCD factorization theorem and the result of this QCD-analysis emphasis on its dramatic correlation with the PDFs reveals the impact of the charm flavour contribution.
According our QCD analysis, in going from the RT scheme to the RTOPT scheme, we get ∼ 0.4 % and ∼ 0.9 % improvement in the fit quality, without and with the charm flavour contribution, respectively. Also, we show that in going from the RT scheme to the RTOPT scheme, we get ∼ 0.9 % and ∼ 2.0 % improvement in the strong coupling value, without and with the charm flavour contribution, respectively.
A standard LHAPDF library file of this QCD analysis at next-to-leading order is available and can be obtained from the author via e-mail.
